We report experimental observation of electromagnetically induced transparency (EIT) in an inhomogeneously broadened V-type Na 2 molecular system. The experiment is performed with both co-and counter-propagating arrangements for the propagation direction of the coupling and probe laser beams. In our theoretical model we employ the density matrix formalism, as well as perturbative methods for obtaining the probe field absorption profile for both open and closed systems. Simulations of the experimental data show excellent agreement with the predictions derived from the basic theory. Our fluorescent intensity measurements show that in the copropagating configuration the EIT plus saturation window depth is about 95%, while under similar conditions in the counter-propagating geometry we observed 40-45% reduction in the fluorescence signal around line center. To separate the two simultaneously occurring mechanisms in a V-type system, namely EIT and saturation, that are induced by the coupling field, we have carried out theoretical calculations, which show that in the co-propagating case a significant fraction of the depth of the dip is due to the coherent effect of EIT. When the 2 coupling and probe beams are in counter-propagating configuration, the dip is mostly due to saturation effects alone.
coupling and probe beams are in counter-propagating configuration, the dip is mostly due to saturation effects alone. 
Introduction
The goal of achieving electromagnetically induced transparency (EIT) through coherence effects has led to a great deal of experimental and theoretical interest in various three level atomic system configurations [1] [2] [3] [4] [5] . Since its first demonstration, which was based on a Λ-type energy level system [6] , EIT has been observed in several experiments that were performed on V-type atomic systems [7] . In the so-called V configuration (see Figure 1 ), the two upper excited states are coupled to a single lower ground state. Indicating how EIT occurs via quantum interference in a V-type system is of special interest because no population trapping is involved.
Thus, such a system can be used to highlight the distinction between various coherent processes such as EIT and coherent population trapping [8] .
The V-type excitation scheme differs from the Λ-type EIT in that two separate effects occur simultaneously, EIT and saturation, with very different nature. Unlike the Λ-type excitation scheme, in the V-type scheme the stronger coupling laser shares the initial (lower) level with the weak probe laser and causes a depletion of the initial state population (i.e., saturation) to occur. Thus both EIT and saturation are observed simultaneously in the experiment, and the experimental signatures of these two physically distinct effects are hard to disentangle. In order to actually separate the relative contributions, it is necessary to treat the coand counter-propagating laser geometries both experimentally and through a rigorous theoretical modeling. In order to distinguish the contributions from these two separate mechanisms full density matrix calculations need to be applied.
Although extensively studied in atoms, investigations of EIT phenomena in molecules are still scarce. Recently EIT has been demonstrated experimentally in Doppler-broadened Li 2 [9, 10], K 2 [11], and Na 2 gases [12] , acetylene molecules in a hollow-core photonic gap-fiber [13, 14] , acetylene photonic microcell [15] and in Cs 2 in a vapor cell [16] .
Unlike atoms, molecules constitute open systems in that the upper states have more than one decay channel available to lower energy levels that are not involved in creating the coherent effect. In addition, molecular transition dipole moment matrix elements [17] [18] [19] [20] [21] are much smaller than in atoms, making the use of commercial, average power, continuous wave (cw) lasers for molecular excitation schemes non-trivial.
Recently a V-type molecular EIT study has been performed in acetylene [15] and shows that the use of counter-propagating beams, which is in general considered unfavorable for the Vtype excitation due to a larger residual Doppler width, can be used as a new spectroscopic technique for velocity discrimination. The residual Doppler width for the V-and Λ-type excitation schemes is Autler-Townes (AT) splitting [22] for each velocity group which leads to the absorption of one velocity group encroaching on the transparency of the other. The basis of this effect is theoretically outlined in the work of Shepherd et al. [23] in which the wavelength and propagation direction dependence of EIT in Doppler-broadened media was studied. The authors validate their theoretical results on the wavelength effects by carrying out an EIT experiment in Rb vapor.
The purpose of the current work is to report an experimental observation of EIT in an inhomogeneously broadened V-type molecular system with two different beam geometries with the specific goal of observing and modeling the two distinct and different physical effects, EIT and saturation. The medium chosen to interact with the two applied laser fields is a thermal sodium vapor and the experimental arrangement uses co-or counter-propagating coupling and probe beams. We start with a description of the selected energy level excitation scheme and the experimental apparatus, followed by a presentation of the recorded fluorescence intensity measurements (Section II). To understand the modification of the transparency induced by the strong coupling field in the system introduced above, we utilize the density matrix formalism which is presented in Section III a). An alternative theoretical analysis, based on perturbation theory, which describes a steady-state investigation of an open molecular system, is carried out in Section III b). Inclusion of the Doppler effect and description of the observed fluorescence signal is described in Section III c). Section IV describes simulation of the experimental signals including saturation effects and provides a link between the experimental data and the predictions derived from the basic theory. In addition, we discuss the physical constraints and parameters that lead to the reduction or extinction of EIT in Doppler broadened systems of various beam geometries. Our conclusions are given in Section V.
II. Experimental Setup and Excitation Scheme
The level diagram and experimental setup used in the exploration of EIT in diatomic molecules with a V-type energy configuration are shown in Figures 1, and 2 , respectively. The experimental setup is similar to the one previously described in [9, 17] .
Sodium dimer molecules were generated in a five arm heat-pipe oven [24] heated to a temperature of 650 K. The temperature was determined by the Doppler linewidth of a single laser excitation. In order to prevent deposition of metal on the windows of the heat-pipe oven, argon was used as a buffer gas. The pressure of the argon gas was kept as low as possible (260-320 mTorr, measured at room temperature), since high buffer gas pressures can lead to excessive collisional broadening that could mask the coherent effects. The vapor pressure at 650 K is 194.8 mTorr for Na and 3.514 mTorr for Na 2 [25] .
The optical fields in both experiments were produced by two cw Coherent 699-29 ring dye lasers. Each tunable dye laser was pumped separately by a current stabilized argon ion laser and generated single mode output at a wavelength corresponding to the selected probe or coupling transition. The two laser beams were linearly polarized in the vertical direction and were overlapped in the center of the heat-pipe. The probe field (weak laser) was modulated by an optical chopper connected to the lock-in amplifier. The chopper was used to periodically vary the field with time and thus allow use of phase sensitive detection. The chopping frequency was 1.04 kHz.
Within our selected energy level system (see Figure 1 ) two variations in the geometry of the propagation direction of the laser beams were investigated in order to gain insight into the role of the residual Doppler line widths on the EIT behavior of the system. In the first experimental arrangement, the two laser beams were combined in a co-propagating geometry while in the second experimental setup the laser beams were arranged to propagate in opposite directions. Since the only difference between the two sets of experiments lies in the geometry of the applied laser fields, the descriptions of the interaction medium, the detection methods, and the apparatus employed are the same in both experimental arrangements.
The modulated fluorescence emitted by molecules in the excited state, as a result of the probe laser excitation, was directed through a set of highly reflective mirrors from the side window of the heat-pipe into a double monochromator (SPEX 1404) with a cooled photomultiplier (PMT). The monochromator was set to a preferred spontaneous emission wavelength for single rovibronic fluorescence (single-channel) detection while the signal of the PMT was fed to a lock-in amplifier (SR850 DSP) with a 300 ms time constant. As the probe laser was scanned through the desired transition, the lock-in output was recorded by the computer controlling the laser scan as a function of laser frequency.
To ensure that all the molecules probed by the weak field were exposed to the strong field in the region of least electric field variation, the focal spot size of the coupling laser beam was adjusted to be significantly greater than the spot size of the probe laser beam. Hence, the coupling field was focused to a minimum diameter of 986 μm and 720 μm (at 1/e 2 intensity of the Gaussian spatial profile) for the counter-propagating and co-propagating cases, respectively, while the probe laser spot size diameter was set to 210 μm in both cases. The V-type energy level structure of the Na 2 dimer used for this study is schematically depicted in Figure 1 . The experiment was carried out using optical transitions between the ground state [26, 27] Figure 1 ).
In the absence of the coupling field, monitoring the fluorescence of the |1>→|4′> transition for the probe field scan yields the usual Doppler-broadened fluorescence spectrum (see Figure 3a ) with line width of 1.23GHz. When both laser fields travel simultaneously through the Doppler-broadened vapor, the relative direction of their propagation becomes critical to the observation of coherence effects, at lower coupling field intensity. Our recent theoretical [30] analysis of the role of Doppler broadening on AT splitting in molecular cascade excitation schemes shows that the splitting strongly depends both on the propagation direction and the wavenumber ratio of the coupling and probe laser fields. The latter was confirmed experimentally in our study of the AT effect in sodium dimer vapor [12] , in which the optimal conditions for its observation under different wavenumber ratio scenarios was investigated.
Hence, here we experimentally investigate the influence of the propagation directions of the probe and coupling fields on the absorption of the weak probe field.
In a V-type system, as will be discussed later in detail, co-propagating beams act to reduce the residual Doppler line width. Furthermore, since the reduction depends on the wavelength mismatch, in this geometry the effect of molecular motion can be eliminated if the optical fields have similar wavelengths. Under the action of both fields, in the limit of a weak probe and a strong coupling laser, we monitor the population of the upper state level A 1 Σ u + (v′=7, J′=13) and observe a sharp dip in the center of the fluorescence spectrum ( Figure 3b ). This dip corresponds to the interaction with the strong coupling field and the depth of the dip is an indication of both EIT and saturation effects, which contribute simultaneously. It can be seen that in this configuration the window depth is about 95%. (Figure 3c ) shows the recorded fluorescence from level |1> for a coupling field turned slightly off resonance. The power of the coupling laser throughout the experiment was 265-270 mW while the probe beam was attenuated to less than 1 mW.
In the counter-propagating geometry, despite the fact that the beams were arranged so as to maximize the residual Doppler line width (see section IIIc), we were able to observe a 40-45% reduction in the fluorescence signal around the line center ( Figure 4 ). However, in this case, the dip is dominated by saturation effects as will be shown below in our analysis.
III. Theory a) Density Matrix Formalism in an Open Three-Level Vee System
A physical understanding of the behavior of an open V-type system in the weak probe field regime can be achieved by adopting the density matrix formalism. At first we consider a closed V-type system and the density matrix equations that describe the system are derived under steady-state conditions. Later on, our density matrix analysis is extended to an open molecular system similar to that examined experimentally.
A closed three-level atomic system interacting with two near resonant fields is depicted in Figure 5a . The two excited levels |1> and |3> can radiatively decay to the ground state level |2> with decay rates W 12 and W 32 , respectively. The rate for internal radiative decay between levels |1> and |3> is denoted W 13 , although this value is usually close to zero. In this V-shaped closed system, the transition |2> ↔ |1> is coupled to a weak radiation field (probe) of frequency ω 1 while the transition |2> ↔ |3> is coupled to a strong coupling field of frequency ω 2 .
The unperturbed Hamiltonian o H
∧ of the system is given by
where the three discrete level energies have been arranged such that 
In the above expression we have defined the detunings of the applied fields assuming the molecules are not in motion and therefore do not experience inhomogeneous Doppler shifts:
for the detuning of the probe field, and The evolution of the system is governed by the density matrix equations of motion, given by terms relaxation H i dt
However, our experimental system can be considered as open since the population leaving either of the two excited states |1> and |3> does not necessary end up in the ground state |2> but may also decay to many other lower levels. In our model, all lower states, other than |2>, to which decay from levels |1> and |3> is possible, are represented by level |4>. The levels |1>
and |3> (rovibrational levels of the first excited electronic state A 1 Σ u + (v', J') of the sodium dimer) can decay to any rovibrational level of the ground electronic state (X 1 Σ g + ) with J" = J′±1
(P and R branch) rotational quantum numbers in accordance with the electric dipole selection
rules. The presence of extra decay channels from the upper levels |1> and |3> makes the molecular system "open" in comparison to a "closed" atomic system, where the levels |1> and |3> can only decay to |2>. Schematic comparison of the two V-type schemes is given in Figure   5 .
In the experiment only continuous wave (CW) lasers were used, and thus a steady state approximation in Eq. (5) 
can be solved numerically by using matrix methods [31] . Note that the closed system equations can be recovered from Eqs. (6) 
b). Perturbation Theory Solution
Although the simulations have been performed with the full density matrix solution, the perturbation theory solution provides physical insight to the system. The exact analytical solution of the system of equations (6) is generally complicated. However, the probe laser is always much weaker (or at least weaker) than the coupling laser in the experiments. Therefore, a perturbative technique [32] that seeks a solution in the form of an expansion in powers of the probe laser Rabi frequency can be used, with the general form:
Depending on the value of 1 Ω and the desired level of accuracy for a particular ij ρ a cutoff in the expansion can be made, and in the limiting case of negligibly small 1 Ω (very weak probe laser) compared to the other parameters of the system, the expansions for ij ρ can be cut at the first nonzero terms. The coefficients ) (k ij r are found by combining (6) and (8) we see that the diagonal matrix element 11 ρ is directly proportional to the imaginary part of 12 ρ .
The 
and using the relation 
In Eqs. (12) and (14) ) 
where
. Note that α is a measure of the openness of the system for a weak probe.
By combining Eqs. (11), (14), (15), and (16) 
The experimentally recorded intensity of the fluorescence signal as a function of the detuning of the probe laser ( 1 Δ ) is directly proportional to the population of level |1> represented in the model by 11 ρ . In general, Eq. (17) is a complicated expression in terms of Δ 1 and Δ 2 . However, if we set Δ 2 = 0, a series of manipulations allows the resonant structure of ( ) 1 11 Δ ρ to be revealed [30] . Specifically, we obtain: 
c). Inclusion of the Doppler Effect and the Observed Fluorescence Signal
The experiments presented earlier were carried out in a heat pipe oven. Therefore, our theoretical model should account for the inhomogeneous Doppler broadening that is experienced by the molecular system. Due to the Doppler effect, the diatomic molecules in the heat-pipe "see" the optical laser fields with shifted frequencies. Thus, in the case of co-propagating fields, the laser field detunings of the Doppler broadened system will be given by 
Hence, the behavior of the system can be calculated by replacing 1 Δ and 2
, respectively, in all density matrix equations, and performing an average over the molecular velocity distribution [33] .
The Doppler-broadened spectral lines can be represented in detail by a convolution of Lorentzian and Gaussian profiles, known as a Voigt profile [34] . The velocity distribution of the molecules is described by a Maxwellian distribution,
where o N is the molecular density and 
An additional effect considered in our model is the spatial variation of the laser power 
where i E is the amplitude of the applied field, i w is the beam waist spot size, el μ is the electronic transition dipole moment, and
is the square root of the Franck-Condon factor of the given transition.
A detailed discussion on the calculation of the transition dipole moment orientation factors f, for different types of molecular electronic transitions and field polarizations, is given by Spano [37] . Specifically, for the type of 
IV. Simulated Experimental Data and Discussion
The two-photon residual Doppler linewidth [2] for a three-level V-system is
Obviously, if the two applied optical fields propagate along the same direction, the residual Doppler linewidth is minimized and the situation is similar to that occurring in an almost Doppler-free environment. In addition, by selecting both lasers with nearly equal wavelengths one can almost cancel the two-photon Doppler width. Under such a beam configuration an EIT dip can be observed in a closed V-type Doppler broadened system for relatively low coupling field Rabi frequency [2, 3, 38] . In contrast, when the two laser fields are in a counter-propagating configuration, the residual Doppler linewidth increases significantly creating unfavorable conditions for the observation of Autler-Townes splitting and EIT. The effect of minimizing the residual Doppler width on the probe laser lineshape in a closed three level V-scheme is depicted in Figure 6 . Here we plot absorption signal 12 Im ρ , which is proportional to 11 ρ according to Eq. of levels |1> and |3>, respectively, were taken to be 12.23 ns [39] . In addition, the collisional dephasing rates for all levels were approximated as 5 2 ×
= π γ col ij
MHz.
The transient relaxation rate t w corresponding to our experimental set-up was calculated according to several proposed models [40] [41] [42] . Our simulations were performed by employing a transit time broadening rate of w t /2π = 3 MHz. The critical parameters in the model are the Rabi frequencies of the applied optical fields which have been estimated using Eq. (26) . The Rabi frequency of the probe field was unchanged in both experimental arrangements being approximately equal to 10 MHz. In contrast, the Rabi frequency of the coupling field was different for the case of co-and counter-propagating beams because of slightly different focusing.
With the beams in a co-propagating configuration, we theoretically predict the population of the upper level |1> using the experimental parameters, and compare the simulated probe laser induced fluorescence lineshape with experimental data when the coupling laser field is on or near resonance (see Figure 8 ). In the two cases shown, a sharp dip in the fluorescence spectrum is predicted and observed. The agreement between the theoretical results and the experimentally observed spectra is very good. Thus, in experiments where the chosen beam geometry acts to reduce the residual Doppler line width, our model seems to describe the coherence effects quite accurately.
Next, we compare our numerical results with experimental data for the counterpropagating beam geometry. Two main modifications have been made to the coupling field which influence the EIT contrast in comparison to the co-propagating case: the laser intensity is 275 mW and the spot size is 986 μm, resulting in a Rabi frequency of approximately 240 MHz for the strong |2> → |3> transition. After taking into account the above changes we perform a numerical simulation and notice further, as shown in Figure 9 , that the experimental results compare well with the model results.
Since it is difficult to design the above experiments for beams with different geometry ensuring the same experimental parameters (e.g. laser intensities, beam profiles) or conditions (e.g. spatial overlap between probe and coupling fields) it is convenient to compare the two systems via theoretical calculations.
Simulations to isolate the Saturation Effects
As described in [2] , there are a couple of simultaneously occurring mechanisms in a Vtype system which cannot be easily distinguished. The two relevant ones for our case are EIT and saturation by the coupling field. The density matrix equations should be able to reproduce all these various contributions since they deal with both population and coherence effects. In order to distinguish between effects due to coherent versus incoherent processes (EIT vs. saturation) and to determine which process(es) is (are) responsible for the dips observed in our fluorescence data, we study the equations of motion Eqs. (6.a -6.j).
In a two-level, one-laser excitation scheme, the single laser pump term corresponding to a 12 ρ coherence, can be written in terms of 22 11 ρ ρ − (i.e., if there is only one laser coupling to the particular levels, then the density matrix equations reduce to rate equations and the pump term reduces to a difference between stimulated emission and absorption rates). If we now consider the V-type scheme with two lasers present, then the coherences become more complicated because of the 13 ρ term in addition to the direct laser 12 ρ and 32 ρ terms. However, if we set 0 13 = ρ , then we can effectively turn off all of the coherence effects involving the interplay of the two laser fields (i.e., with 0 13 = ρ , then 12 ρ and 32 ρ can be written simply in terms of the population differences, 
After substituting Eq. (31) into (6.a) we obtain an expression relating the ground state (level |2>) and level |1> populations 11 12 22 ρ ρ
where the coefficient of proportionality ij F is defined as
Similarly, from (6.f) and (6.h) the coherences 23 ρ and 32 ρ are given by ( )
and using (6.i), this leads to Figure 10b ). This leads us to conclude that the dip observed in the experimental signal is primarily due to saturation alone in the counterpropagating case within the accuracy of the present measurements.
We repeated the simulations for the case of a closed system, achieved by closing the decay channels to state |4>, e.g. by setting the decay rates W 34 and W 14 to zero (Figure 11 ). Our calculations show that saturation is responsible for a dip of modest depth in either of the propagation geometries, while EIT dramatically increases the depth in the co-propagating case and fills in the dip in the counter-propagating case. has been set to zero. First of all, we note that in this case, there is no difference between the coand counter-propagating geometries. Here, the dip is due to saturation alone, and it can be seen that the depth of the dip (as a percentage of the peak amplitude) first grows with increasing Rabi frequency, but then the dip broadens and becomes less deep as the Rabi frequency continues to increase. Thus the effects of EIT can be clearly seen in the co-propagating case, but are much more difficult to distinguish in the counter-propagating case.
V. Conclusions
We report here the experimental observation of EIT in Doppler broadened sodium dimer gas using a V-type excitation scheme. The experiment is performed with two different arrangements for the propagation directions of the coupling and probe beams (e.g. co-or counter-propagating). In our theoretical model we employ the density matrix formalism, as well as perturbative methods for obtaining the probe field absorption profile. Simulation of the experimental data under real experimental conditions shows excellent agreement with the predictions derived from the basic theory. Our fluorescent intensity measurements show that in the co-propagating configuration the EIT plus saturation window depth is about 95%, while under similar conditions in the counter-propagating geometry we observed 40-45% reduction in the fluorescence signal around line center. Using theoretical calculations we show that in the copropagating case a significant fraction of the depth of the dip is due to the coherent effect of EIT and when the coupling and probe beams are in counter-propagating configuration, the dip is mostly due to saturation effects alone. A weak probe field with frequency ω 1 and detuning Δ 1 couples the |2> → |1> transition. Levels |2> and |3> are coupled by a strong coupling field with frequency ω 2 and detuning Δ 2 . In (b), molecules occupying the excited energy levels |1> and |3> can follow various relaxation pathways and decay to many ground state levels besides level |2>. In our model all these levels are represented by level |4>. W ij indicates the spontaneous emission rate of level |i> to level |j> while the natural decay rate of level |i> is denoted W i . The decay rates of the ground state levels |2> and |4> are negligible. The Rabi frequencies of the probe and coupling fields are Ω 1 and Ω 2 , respectively, and w t is the transient relaxation rate of the molecules entering and leaving the interaction region. Due to selection rules in our system there is no decay from |1> to |3>. 
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Figure 6
Three-level closed atomic V-type system. The theoretical absorption profile of the probe laser is given for co-propagating (solid line) and counter-propagating (dashed line) beam geometries. The Rabi frequencies for the coupling and probe fields are taken to be 250 MHz and 10 MHz, respectively. In the counter-propagating case, a much stronger field is needed in order to observe the Autler-Townes splitting. The full Doppler width in both simulations is 1.2 GHz. By inserting the real experimental parameters in our density matrix equations we simulate the experimental data when (a) the coupling field is on resonance with Ω 2 =220 MHz and (b) the coupling field is detuned 100 MHz with Ω 2 =190 MHz. The Rabi frequency of the probe laser was 10 MHz in both cases. 
